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Abstract
We have studied the adhesion of a sputtered copper film (thickness 5000
Angstroms) to flexible polyimide substrates between 1 mil and 5 mil thick. The
polyimide types include Kapton (based on the monomers of pyromellitic dianhydride
and oxydialine, i.e., PMDA-ODA) and Upilex (based on the bi-phenyl tetracarboxylic
dianhydride monomer). (A. S. Wood, 1988) For each of these polyimides, a clear
difference in adhesion is observed when the polymer surface has been treated with a
simple AC nitrogen glow discharge. We used a tape test to estimate the strength of the
adhesion bond. The difference in adhesion only becomes apparent after the film and
substrate have been subjected to either boiling water or steam for 30minutes ormore;
the difference becomes quite clear after two hours. After two hours, about 100% of
the copper film fails the adhesion tape test for an untreated polyimide surface; for a
plasma modified surface, less than 1% of the copper film fails the tape test.
In this thesis, we present experimental data on the effects of moisture, cleaning
procedures, and plasma surface modification in copper - polyimide adhesion. A
crudemodel of the AC discharge plasma is discussed.
1. Introduction
New specialty polymers, (based on polyimide chemistry), have been developed
recently, "for use in high-speed printed circuit boards, flexible circuits, cable
assemblies"; these polymers "reduce delays and distortion of high-speed signals". (L.
Lazorko, 1988) In many of these "electronics
packaging"
applications, the polyimide
is also "often the substrate or mechanical support for conductive (metal) thin
film"
lines used to electrically communicate with an integrated circuit chip. (Kovac et. al.,
1988; Das and Morris, 1989) These polyimides have high thermal stability and
"resistance to irradiation, to mechanical deformation at high temperature, and to
solvent attack". (Das and Morris, 1989) Also, "their high electrical resistivity,
thermal stability, chemical inertness, superior adhesive properties to common
substrates, ease of application and removal, and their ability to build up layers of
various thickness permits their incorporation in many very large scale integration
(VLSI) processes". (Das and Morris, 1989)
Information about the types of the polyimides used in this research (Du Pont
Kapton, ICI Upilex) is given in Table 1. The structures of these two types of
polyimide are shown in Figure 1 . Some physical properties of these polymers are
listed in Table 2. Kapton HN and H were chosen because they have been used
commercially for a long time. Upilex R and S have lower temperature coefficients of
expansion and lower water absorption than Kapton HN and H. One of our goals was
to see if these properties have a significant effect on copper - polyimide adhesion.
The adhesion of sputtered copper to each of these polyimide substrates is known to
be poor, in comparison with chromium which "is much more chemically reactive
with the polymer surface". (Kovac et. al., 1988) In this work, we were especially
eager to know how high temperature and humidity will affect the adhesion of the
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6sputtered copper film. A second goal was to develop a surface modification method
for improving this adhesion.
Prior to surface modification, a polymer substrate received a
"standard"
treatment
in which the substrate was cleaned by an ultrasonic methyl - ethyl ketone bath (for a
substrate surface cleaned for dust and grease and dried in a desiccator). We studied
two methods of substrate surface modification. The first was a nitrogen glow
discharge surface modification in which the substrate was pretreated by a high AC
voltage (-5000V) applied to set up a plasma in 100% nitrogen gas. The second was a
sputtered copper nitride surface modification in which the substrate was presputtered
with a thin layer of copper nitride before the sputtered copper deposition.
Our results show that either (1) nitrogen glow discharge or (2) sputtered copper
nitride surface modifications can make a dramatic improvement in copper -
polyimide interface adhesion. The nitrogen glow discharge surface modification was
the bettermethod to improve the adhesion.
2. Experimental Technique
2.1. Geometry of Sputtering Chamber
The geometry of the sputtering chamber is shown in Figure 2. A 50 liter vacuum
chamber was evacuated with a liquid nitrogen trapped diffusion pump and rotary
pump. Research grade argon (99.997% pure) or nitrogen (99.9% pure) were
introduced through mass flow controllers at rates of 4 to 30 SCCM. The deposition
rate and film thickness were read on an Inficon quartz crystal rate deposition monitor
which was calibrated (to within 2%) with a Dek-Tak surface profilometer.
A dc planar magnetron (US-Gun Inc.) was used to deposit film. The copper
targets (50 mm diameter by 5 mm thick) were 99.9% pure. The substrate was a 65
mm by 85 mm polymer sheet of varying thickness which was suspended by straps at
top and bottom edges, and which was positioned directly in front of the copper target
at a distance of 20 cm (see Figure 3). After the sputtering plasma was ignited, the
target was presputtered for 2 minutes while a shutter covered the substrate.
(Presputtering is necessary to clean the target surface and to allow the plasma to
stabilize.) The typical discharge voltage, current, and power for magnetron
(US-GUN) sputtering with argon working gas were in the ranges of 470 to 570 volts,
0.33 to 0.57 amperes, and 190 to 280 watts respectively, depending on the target
thickness. There was a fixed working gas pressure of 2 mTorr and a fixed deposition
rate of 3.0 A/s. Copper was sputtered to form a film which was 5000 A thick. (The
variation of film thickness across the substrate is estimated to be less than 5% at a
target substrate distance of 20 cm.) (US-GUN, 1982).
Some substrates were pretreated by an AC nitrogen gas glow discharge. The
circuit of the AC glow discharge is shown in Figure 4. The glow discharge electrode
Sputtering Chamber (Top View)
8
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Sputtering Chamber (Side View)
ffusion pump
1. US Gun
2. Copper Target
3. Glow Discharge
Electrode
4. RDM Crystal
"? 5. Shutter
6. Suspended
Substrate
cm 7. Substrate
Holder
8. Argon Gas Inlet
9. N2Gas Inlet
10. View Window
Figure 2. Geometry of the Sputtering Chamber.
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Figure 3. Substrate Holder in the Sputtering Chamber.
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was a 3.175 mm diameter aluminum rod which was 16 cm long. The rod was set
between the copper target and the substrate at the position "3" in Figure 4, and 13 cm
in the front of and parallel to the substrate; it was about 25 mm higher than the top
edge of the substrate in order to be out of the path of sputtered atoms.
2.2. Substrate Surface Preparation and Sputter Deposition
2.2.1. "Top" and "Bottom" Surface of Substrate
The following is taken from the Du Pont Bulletin H-12 on "Adhesion to Kapton"
(Du Pont, E-72082). The 'top' surface of Kapton is "bright" or "shiny"; it is referred
to as the
"smooth"
side. The TDOttom' surface is "dull" and purposely roughened in the
manufacture of the film to improve film handling characteristics; it is referred to as
the
"rough"
side. The scheme of top and bottom surfaces is shown in the Figure 5.
Most adhesives bond better to the dull side of the Kapton film. The effect is generally
1-2 lbs. per linear inch (1.8-3.5 N/cm) but can be as high as 4 lbs. per inch (7.0 N/cm)
or negligible depending on the adhesive system used.
In our experiments, we always chose the
'bottom'
side of Kapton as the sputter
coating side. Note that the bottom side has a slightly
"convex"
curvature and the top
side has slightly
"concave"
curvature. For Upilex R and Upilex S, the bottom or
"convex"
side was coated; information on surface roughness was not available (might
have obtained from Dek-Tak).
12
&Ion
Substrate
Bottom (Rough) Side
/
\
Top (Smooth) Side
Figure 5. Scheme of Top Side and Bottom Side for the Substrate
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2.2.2. Substrate Cleaning
The polymer substrate was precleaned with methyl-ethyl ketone (MEK) solvent to
remove any grease and oil contamination from the surface. This was recommended
by Du Pont for cleaning Kapton polyimide (Du Pont, E-72082). In addition, the
cleaning was done with an ultrasonic bath for 5 minutes in order to eliminate the
particle or dust contamination from the substrate surface.
2.2.3. Surface Modification
Between the cleaning procedure and the deposition of sputtered copper, some
substrates received plasma surface modification. This will be discussed in Chapter 3.
2.2.4. Deposition of Sputtered Copper Film
The base pressure of the high vacuum chamber was usually less than 1.4 x 10"5
Torr. However, the effective base pressure during sputtering was around 6.0 x 10"5
Torr because the diffusion pump was throttled. Some other parameters which we
controlled are listed below.
argon working gas pressure: 2.00 0.05 mTorr
deposition rate: 3.0 0.2 A/s
film thickness: 5000100 A
2.3. Measurement of Adhesion
We used the 3M Scotch Brand Tape (Series No. 3750-G) to check the copper film
14
adhesion. We slowly peeled the tape by hand from the substrate at an angle of about
160 - 170 degrees (as shown in Figure 6). The tape was removed in such a way as to
keep the flexible substrate as flat as possible. The tape is relatively strong as indicated
in Table 3.
Normally, the initial tape test removed little sputtered copper from the polymer
substrate. In order to differentiate between various adhesion strengths, it was
necessary to first subject the film and substrate to adverse conditions of temperature
and humidity. The two primary conditions we used were the following.
(1). Exposure in boiling water at about 100C and atmosphere pressure.
(2). Exposure to saturated steam at about 100 C and atmosphere pressure.
Tape Test Uncertainty : After different exposure times (30 min, 60 min, 90 min,
120 min), we again checked adhesion with a tape test. The percentage of copper
removed by the tape was judged by eye. For instance, "25% of the
film"
may have
been removed by the tape. The absolute uncertainty is estimated to be 10%, except
in cases of very good adhesion (1 1)% or very poor adhesion (99 1)%.
15
film tape
hold hold
about 160-170
Figure 6. Tape Test for Adhesion Measurement.
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Table 3. Adhesive Strengths for Various Tapes.
TyPe Adhesive Strength* (Ounces / inch)
3M #854 60
3M#3750-G 55
3M#600 40
3M #810 ("Magic Tape") 25
* Adhesive strength to steel surface measured by 180 degree peel-test
using an Instron Universal Instrument. (Data from 3M Corporation)
17
3. Plasma Surface Modification
The effect of a "plasma" or a "glow discharge" on a surface is an important topic
because the substrate surface will be modified by the glow discharge. We were trying
to use the highly reactive properties of these plasma-produced molecular species to do
modification of the substrate surface. At a low enough pressure (long mean free
path), the glow discharge system involves higher energy electrons. The electrons
even can dissociate a normally inertmolecular gas into highly reactive particles (such
as ions, atoms, free radicals, and negative ions). A free radical is "an atom, molecule,
or ion that has one or more unpaired electrons". (Brady and Holum, 1984, p. G-7)
The chemical bonds (either o or n bonds) between two atoms must be broken to form
the free radicals; this separation requires a high initial activation energy. The free
radical is very reactive; once the free radical is formed, the chemical reaction will
happen very rapidly. (Brady and Holum, 1984, pp. 499-500; Busch, Shull, and
Conley, 1978, p. 307) Also, the electron impact can produce a free radical by
creating an electronically excited state in an atom; it may also produce a rotational or
vibrational excited state in a molecule. (Vossen and Kern, 1978, pp. 501-502)
3.1. Effect of Glow Discharge on Surface Free Radical Formation
The free radical is a very reactive species. Once the free radical is formed, it will
chemically modify the substrate surface very rapidly. This is emphasized in the
following quote. ( Rose and Liston, 1985)
When a plasma contacts a polvmer. its glow discharge rapidly
modifies the surface layer bv producing a very high density of free
radicals on the surface of even the most stable polymers. These free
radicals increase the molecular attraction of the surface, and thus its
18
surface energy and wettability - the ability of a liquid to penetrate into, or
to spread across, the surface of a material. Wettability is gaged by the
size of the contact angle ofwater on a polymer surface The plasma
only reacts to a depth of 100 to 1000 angstroms (A). Once the excitation
power ceases, the excited species quickly recombine to a stable,
nonreactive state.
The free radicals created by cold gas plasma formed on the polymer
surface have fourmajor effects: surface cleaning; ablation (a form of dry
micro-etching); crosslinking; and surface activation. All four effects
may occur simultaneously; but depending upon processing conditions and
reactor design, one or more may predominate.
We think that our surface modification by glow discharge activates the polyimide
surface. This is emphasized in the following quote. ( Rose and Liston, 1985)
Their inherently low surface energy hinders the wettability of most
polymers (even polar ones) and chemical interactions with adhesive
systems. After just brief exposure to plasma. (3 minutes, for example).
however, polar functional groups form that strikingly increase a
material's surface energy Cand therefore its wettability and receptiveness
to bonding).
Once a highly activated, wettable polymeric surface is achieved.
adhesives will be drawn into all microcracks or voids in the substrate.
promoting mechanical interlocking: simultaneously, chemical attractions
between a substrate's polar groups and an adhesive can cause the
19
formation of covalent or ionic bonds between the mating surfaces. The
extent of these chemical and physical interactions depends upon the
compatibility of the adhesive and the substrate as well as processing
conditions (i.e. . surface preparation, bonding procedures, cure cvcle).
The increasing of the surface energy means that there are more dangling bonds or
more polar functional groups which will easily react (chemically or physically) with
the incoming materials. We believe that the plasma treatment will not only improve
bonding of an adhesive to a plastic, but also the bonding of sputtered copper to plastic.
3.2. Ideal Model for a DC Glow Discharge
anode cathode
Figure 7. Scheme of a Simple DCGlow Discharge Tube.
Figure 7 shows a simple cylindrical glow discharge tube which is filled with gas
and fitted with electrodes at either end. A current consisting of positive and negative
charges is made to flow after we apply voltage to initiate the plasma.
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As we know, the total current I is the algebraic sum of I+ for positively charge
(assumed to be mostly single charges, +e) gas ions and
I" for negative secondary
electrons ( assumed to be mostly secondary electrons of charge -e which are emitted
from the negative electrode or "cathode"). This can be expressed by the following
equation.
i =
i+
+ r (D
I = n+e Vd+A + n"e Vd'A (2)
where n+ is the number of singly ionized atom carriers per unit volume,
n" is the
number of electron carriers per unit volume, Vd+ is the average ion drift speed, Vd~ is
the average electron drift speed, and A is the cross section area of the cylindrical tube.
The electric current density J can be defined as follows.
j = = + (3)
A
For electrodes of equal area A, the current density J is uniform throughout the
plasma. In our discharge system, the area of the aluminum rod electrode is very small
compared with the area of the chamber and the substrate holder. Therefore, the
electric current density J will be very different in the vicinity of each electrode. Near
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the aluminum rod, the current density will be very large; but near the substrate, the
current density will be much smaller. Also, increasing the discharge voltage will
increase the discharge current because a greater electric field raises both the drift
speed and the density of carriers. (Rizk, et. al., v.38, 1988, and Rose and Liston,
1985)
Figure 8 shows how a discharge plasma is generated and how it becomes
self-sustaining. The first free electron - free argon ion pair is probably generated by
a cosmic ray passing through the discharge tube. In a DC supply argon gas discharge
tube, when a high-energy cosmic ray hits an orbital electron of a neutral argon atom,
the electron becomes free and the atom becomes a positive argon ion. At this time, the
free electron is introduced into this discharge space; it will be accelerated away from
the cathode and move toward the anode. This high energy electron which get its
energy from the electric field will have a high probability of subsequently making a
significant collision with another neutral argon atom during its path to the cathode. In
such a collision, this electron can give up enough of its energy to cause another orbital
electron to separate from its atom. (If this transfer energy is lower than the ionization
potential, the orbital electron only can be excited to a higher energy level. Then, it
will return to its ground state with emission of one or more photons which will make
the discharge system glow.) Hence there will be a new (second) free electron moving
toward the anode, and a new free ion which will move toward the cathode. This
cathode
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second free electron will be energized by the same electric field and react in the same
manner as the first free electron. The first free electron, after the collision, also will
continue to be energized by the electric field and will eventually give up its new
energy to another orbital electron of another neutral atom with which it collides.
There will be a cascade effect which generates free electrons and free ions.
(Stuart,1983, pp. 98-99; and Vossen and Kern,1978, p. 24 ).
All the ions produced by the electron - neutral atom collision will strike the
cathode, and will produce some more secondary electrons from the cathode surface.
"Since the secondary electron emission ratio ofmost materials is of the order of
0.1"
(Vossen and Kern, 1978, p. 24), about 10 ions must strike the cathode to produce one
secondary electron. If the number of secondary electrons can initiate enough electron
- atom collisions and thereby produce enough ions which reach the cathode and
regenerate the same number of secondary electrons, then the discharge can be
self-sustaining. (Stuart,1983, p. 99; and Vossen and Kern, 1978, p. 24 ).
If the gas pressure is sufficiently high for enough electron-atom collisions to
occur, the discharge will be self-sustaining as soon as the voltage is applied. The
electron speed in this discharge system under a very high electric field is very fast.
After the formation of the first free electron - free argon ion pair, the whole
interactions (electron - neutral atom collisions, electron - anode collisions to generate
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most of the electric current, and ion - cathode collisions to generate the secondary
electron) will occur very quickly. Therefore, the generation of charge carriers will
cascade up to an equilibrium condition immediately. This equilibrium discharge
condition is known as a "glow" discharge. (Stuart, 1983, pp. 99-100; and Vossen and
Kern, 1978 , p. 24).
3.3. Simple Picture of the Effect of a DC Glow Discharge on a Substrate
anode
^
dx
kj cathode
substrate
Figure 9. Simple DC Glow Discharge System with Substrate Positioned
on Cathode.
In Figure 9, if we consider a small enough dx, the total net charge will be zero in
this differential volume. That means n+ =
n"
. And we know, in the same electric
field, the drift speed of electron is far larger than the ion drift speed, because the mass
of electron is far less than the ion mass. Therefore, in equation (2), we can see that
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most of the total current I is carried by the electrons. Thatmeans I+
I"
.
Now, if we place an insulating substrate on the cathode, the ions will initially
bombard the substrate surface. However, we cannot neglect the contribution of the I+
term. Although the value of I+ may be small (compared with I"), it may significantly
affect the surface chemistry because of the ion bombardment. There may be some
surface electrochemical reactions which will change the surface potential energy and
lead to surface chemical activity. Therefore, the bombardment may have an
important contribution to improve the later adhesion between film and substrate.
3.4. Effect of an AC Nitrogen (N2) Glow Discharge Surface
Modification (NGDSM)
For an AC glow discharge, the high voltage electrode in our discharge system will
become an anode and a cathode, alternately, depending on the polarity of the power
supply. For such a 60 Hz AC supply, the electrode will change polarity 60 times in a
second. Because the period(16.7 msec) of the AC voltage is much larger than either
the ion or electron drift time (<1 usee), the AC glow discharge is just like two simple
DC glow discharges of opposite polarity.
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As we know, the polyimide substrate is an insulator. And, the top and bottom ends
of the substrate are suspended by a substrate holder which is a conductor. When the
AC discharge is turned ON, the substrate surface (on the plasma side) begins to charge
by ion (electron) bombardment, and will become positively (negatively) charged; the
substrate holder (near the cathode side of the substrate) will have an induced negative
(positive) charge.
After the surface is charged with ions (electrons), the next ion (electron) coming in
may be reflected or scattered by the high positive (negative) potential on the surface.
At this time, the charged substrate surface may not allow any more ions (electrons) to
bombard the surface.
The surface charge density of the charged substrate will depend on the system
discharge voltage supply. The higher the discharge voltage, the higher the charge
which the substrate capacitor can store.
Three parameters were varied for the 100% N2 gas glow discharge surface
modification : nitrogen gas pressure, operating discharge voltage, and exposure time.
In our experiment, the substrate was pretreated by an AC N2 glow discharge surface
modification for different pressures and different times. Nitrogen gas pressure
27
varied from 10.0 to 28.6 mTorr and exposure time varied from 0 to 5 minutes.
3.4.1. Effect of Exposure Time (to AC Glow Discharge) on Surface
Modification
The Figures 10a and 10b shows the actual AC glow discharge mechanisms of how
the nitrogen ions or electrons bombard the substrate surface.
The nature of the surface interactions made by a nitrogen glow discharge is
extremely complex. Many different chemical reactions in the plasma system may
occur, generating many new chemical functional groups. This will make the
chemistry of the treated surface nearly impossible to predict. The only thing can be
predicted is that this nitrogen plasma will yield amino groups. (Rose and Liston,
1985)
As we know, there are ions and electrons present in the glow discharge. Thus, they
will bombard (and interact with) the substrate surface alternately if they are in an AC
discharge system. In Figure 10a, when the aluminum rod becomes an "anode", the
substrate becomes a "cathode". The ions which are generated in the glow discharge
willmove toward the cathode and bombard the substrate surface. They might interact
with the substrate polymer and generate some new positive charge chemical
28
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functional groups.
But, in Figure 10b, when the aluminum rod becomes a cathode, the substrate will
become an anode; the electrons in the glow discharge will move toward and bombard
the substrate. The electron might penetrate and reach a deeper thickness than an ion
can, breaking chemical bonds of the substrate by its high kinetic energy. (Vossen and
Kem, 1978, p. 157) These broken bonds may rearrange and generate another new
chemical structure.
As discussed in the previous section for a DC discharge, the polyimide charges up
so that eventually bombarding charges are reflected or scattered by the high charge
potential on the surface. Now, for an AC glow discharge, the high voltage electrode
in our discharge system will become an anode and a cathode, alternately. When the
substrate becomes a cathode, it will be bombarded by the ions. But, when the
substrate becomes an anode, it will be bombarded by the electrons. The substrate will
be "pulsed" alternately by the bombarding ions and then by bombarding electrons.
During each pulse (=0.008 second), some ions (or electrons) will accumulate on the
substrate surface and scatter ions (or electrons) which arrive later. Therefore, it will
be likely that chemical (or physical) reactions will occur between the accumulating
ions and the polyimide.
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These reactions may create some new unpredictable chemical functional groups
which may increase the polarity of the substrate surface. The longer the discharge
bombardment time, the higher the surface polarity until the surface is saturated with
polar groups. (This will be shown in the Appendix Section Al. by our contact angle
measurements on a plasma treated surface.) This high surface polarity may improve
the metal - polyimide adhesion.
3.4.2. Pressure and Voltage Effects in a Self-sustaining AC Nitrogen
Glow Discharge.
Figure 11a and lib show the relations among the primary current, primary
voltage, and pressure of the nitrogen glow discharge. Because power input to the
primary transformer coil must equal the power out from the secondary, the plasma
current can be calculated by the following equations. (See Figure 4)
^plasma ^plasma = ^primary * primary
For a turns ratio of 50, Vplasma = 50 x Vprimary
Therefore, I plasma = ~~^j~ l primary
where Iprimary is the primary current of the transformer, Vprmiarv is the voltage of the
power supply across the primary coil, Ipiasma *s me secondary current which goes
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through the plasma, and Vplasma is the voltage applied to the plasma. In Figure 1 la,
each different voltage curve can be divided into four intervals.
(I), the discharge gas pressure is below the minimum pressure (Pmjn)
for a self-sustaining plasma.
For an AC nitrogen gas glow discharge, at a pressure below Pm_n, the glow
discharge is extinguished. We described in Section 3.2. how a self-sustained glow
discharge works. For a nitrogen gas pressure much below Pmin, the gas density is too
low; there will not be enough ionizing electron-nitrogen molecule collisions to sustain
the glow discharge even if there is a very high electric field.
(II). The discharge gas pressure is at the self-sustaining minimum
pressure
Figure lib is an expansion of Figure 11a in the region between 4 and 10 mTorr.
The self-sustaining minimum pressure which is indicated in Figure lie will decrease
with increasing discharge voltage (for example, 9.23 mTorr for 20 Volts, and 5.50
mTorr for 100 Volts). For a higher discharge voltage, electron drift speed Vd will be
33
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greater; hence, fewer carriers (less pressure) are needed to start the discharge.
Generally, the glow discharge is unstable (may ormay not be self-sustaining) between
pmin
a110*
(Pmin + -2 mTorr). Figure lid shows the Pmin vs. supply voltage plot
which is roughly described by a semi-log arithmetic curve.
(III). The discharge gas pressure is between Pmin and the pressure
(Pstab) at which the current becomes stable.
The position of Pstab is shown in Figure lie. In this region, the current will
increase sharply with increasing gas pressure for the reason that the gas density is high
enough for sufficient ionizing electron-molecule collisions to occur. There will be
enough nitrogen molecule ions which strike the cathode to regenerate each secondary
electron. We also can see that the nitrogen discharge glows with a pink color in the
chamber. The slope of the current verses pressure graph will become higher as the
discharge voltage is increased; the ion and electron drift speeds increase with voltage,
and there will also be an increase in charge carrier concentration.
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(IV). The discharge gas pressure is higher than Pstab.
In this region, the current approaches a constant value with increasing gas
pressure. For a fixed discharge voltage, when the gas pressure is increased, the
charge carrier concentration also will be increased; but, the average drift speed Vd
will decrease because the mean free path of the discharge system decreases. It appears
in Figure 11a that the total current I stays constant because the product of the number
of charge carriers n and the drift speed l>d stays constant; n increases linearly with
pressure and V^ is inversely proportional to pressure. This is shown by the following
equations which crudely model the discharge plasma. As we discussed in equation (1),
(2), and Section 3.3.,
I =
I+
+ (1)
I = n+e Vd+A + n"e Vd"A (2)
I
(Ae)n-Vd"
(4)
where
n" is the number of electrons per unit volume,
Vd~ is the average electron drift
speed. We assume that Nions = Nelectrons (all ions are singly ionized.) and that
Natoms * Nions- Hence, the ionization ratio Ratio Nion/Natom and
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^"
electrons - . ^atoms ^ Pn~
= = Ratio ato = Ratio (5)Volume Volume kB T
where P is the discharge gas pressure, kB is the Boltzmann constant, and T is the
absolute temperature. The average electron drift speed in an electric field can be
written as
Vd'= <a> Tcollision (6)
where < a> is the average acceleration, and Tension is the collision time.
The average acceleration can be written as
eE
< a> = (7)
Me
where e is the electric charge, E is the electric field magnitude, and Me is the mass of
electron. The discharge voltage can be written as
V = E<D> (8)
where (D^ is the average distance from anode to cathode. Hence,
e V
<a> = (9)
<D> Me
The collision time can be related to the pressure which can be expressed as
< ^th ) Tcollision = ^ electron (10)
where < V^ y is the average thermal speed, and ^- electron is the mean free path
of the electron. The average thermal speed can be expressed as (O'Hanlon, 1989, p.
10)
< V*> = /8kBT/Me (11)
40
Assume that Electron = Constant x Xmolecule, where
1
=
kBT
VT n d02 n yT tc d02 P
X i . -^molecule " - (12)
where d^ is an effective molecular diameter. (O'Hanlon, 1989, p. 11) Therefore,
from equation (6),
kBT
Constant
- eV J2nd02?
l/Q
<d> Me fTT^ry (13)
M.78kBT/
Thus, the current in equation (4) can be expressed as
kBT
I = Ae- Ratio
Constant 5
e V J2 n d 0 P
I
kBT <D> Me
Constant A e 2 Ratio V
78kBT/Me
(14)
4d027kBT rtMe
There will be no dependence on pressure since the variable P cancels out.
Also, we can see that at a little higher primary voltage (higher than 40 primary
volts, or 2000 secondary volts), the primary current will increase linearly with
increasing the primary voltage. This is predicted by equation (14) and shown
experimentally in Figures lie and llf. (Similar primary current vs. primary voltage
curves were also measured for an oxygen glow discharge).
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3.4.3. Pressure and Voltage Effects on Surface Modification in a
Nitrogen Glow Discharge
We chose to operate the discharge pressure above Pstab at about 9 to 10 mTorr (for
100 Volts on the primary power supply). The reason for this was that we could use
the highest possible plasma voltage of 5000 Volts to get the highest ion kinetic energy
to react with the substrate, and we can get the highest current (maximum
bombardment) by operating at the lowest possible pressure. Also, the higher voltage
can create more ion carriers, or secondary electrons in the system, and increase the
ions or electrons drift speeds. The number of bombarded substrate atoms per unit
area will also increase.
It is important that the pressure not be too high above Pstab (even to get a slightly
higher discharge current). When the gas pressure increases, the mean free path
becomes shorter, many ion-atom collisions occur, and the ions lose their kinetic
energy. After a few collisions, an ionmay not have enough energy to interact with an
atom when it strikes the substrate surface. (See data discussed in Section 4.4.)
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3.5. Sputtered Copper Nitride Surface Modification (SCNSM)
Normally, copper is sputtered with inert argon working gas. If the argon is
replaced by 100% nitrogen as a working gas, then the sputtered material reaching the
substrate will consist of both copper and compounds of copper and nitrogen. Since
etching of a substrate surface by a nitrogen discharge (forming gas which is 90% N2,
and 10% H2) is known to enhance copper - polyimide adhesion (Entenberg, 1985), we
decided to use the magnetron with nitrogen as the working gas in order to place a
possibly useful interfacial adhesion layer (-100 A) on the substrate before coating
with 5000 A of sputtered copper (argon working gas only). The nitrogen gas
pressure for this surface modification was at 2.00 0.05 mTorr. The deposition rate
of the copper nitride was 1 .0 0.5 A/s. After the deposition, the copper nitride can be
visually inspected with gray color on the substrate surface.
Note : When we did the nitrogen glow discharge pretreatment, we did not ground
the copper target of the magnetron. The copper target was floating at a negative
voltage. Some copper atoms might have been sputtered by high energy nitrogen ions.
Although aluminum is harder to sputter than copper, aluminum might also be
sputtered from the aluminum electrode rod by high energy ions during the AC glow
discharge. Since we believe that the copper nitride from SCNSM pretreatment can
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improve the copper-polyimide adhesion (see Section 4.7.), aluminum nitrides may
also improve adhesion. Therefore, we think that the substrate surface should be
examined by XPS (X-ray Photoelectron Spectroscopy) to see if there are any kinds of
metal composites (such as copper nitride, aluminum nitride, copper aluminum
nitride, ion nitride, ...., etc.) on the substrate surface after the glow discharge.
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4. Experimental Data and Discussion
We acquired data for a variety of substrates and preliminary surface modification
methods. The different substrates were listed in Table 1. The different substrate*
surfaces resulting from various modification treatments were as follows.
4.1. Effect of Substrate Surface Moisture on Metal - Polymer Adhesion
We are interested in studying the effect of moisture on the adhesion of a sputtered
copper film to a polymer substrate surface. The polymer samples were Kapton H,
Upilex R, and Upilex S. We compared four substrate storage procedures (after
cleaning the substrate by the standard MEK cleaning procedure). The four
procedures were:
(1). storage in 150C oven for 24 hours,
(2). storage in desiccator for 24 hours [actually used for experimental data],
(3). storage in air for 24 hours,
(4). storage in water for 24 hours.
Then we deposited a 5000 A copper thin film on the surface, and measured the initial
adhesion before any boiling water or steam exposure. The experimental data are
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shown in Table 4. (For IR spectra used to study the polymer surface moisture
adsorption ability, see Appendix Section A2.)
For Kapton H, the initial adhesion seemed very good. We could not remove any
copper from those samples stored in the oven, the desiccator, and in air; less than 1%
(about 200 pin holes) of the copper was peeled off from the substrate stored in water.
After a one hour exposure to boiling water or steam, at least 45% of copper was
removed regardless ofwhere the substrate was stored.
For Upilex R, the initial adhesion for the samples stored in the oven seemed very
good, no copper could be removed. But, for highermoisture on the substrate surface
(storage in desiccator or in air), adhesion deteriorated. About 97% of copper could
be removed for the sample stored in water. After 30 minutes exposure to boiling
water or steam, most of the film was easily removed.
For Upilex S, the initial adhesion for the samples stored in the oven seemed very
good, no copper could be removed. Less than 3% of copper could be removed from
those samples which were stored in the desiccator, in air, and in water. After a one
hour exposure to boiling water or steam, about 6% to 12 % of copper was removed
regardless ofwhere the substrate was stored.
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Therefore, we can assume that for the initial standard sample, the copper thin film
adhesion to the substrate will improve slightly by reducing the exposure of the
substrate to moisture during storage. In order to improve the metal - polymer
adhesion to a very high degree, it is necessary to perform plasma modification on
substrate surface; see Section 4.3.
4.2. The "Standard" Treatment : No Plasma Substrate Surface
Modification
All substrates received the "standard" treatment first. The adhesion of copper to
plasma modified polyimide substrate surfaces was then compared to adhesion of
copper to a surface which received only the
"standard'
treatment (a five-minute
ultrasonic bath in 100% MEK). The results of the adhesion test for the standard
coated polyimide sample were relatively poor. The data are in Tables 5 to 9.
The adhesion data for the standard surface ofKapton HN 5 mil is shown in column
D of Table 5. Initially, with no exposure time to boiling water, none of the copper
was removed. However after an exposure time of one hour to boiling water, about
70% was removed in the tape test; after two hours, nearly 99% was removed. The
data for steam exposure show a similar degradation in adhesion; after two hours,
about 60% of the copper was removed.
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Table 5.
A B | C D E F H
1 Substrate -Type Kapton HN Kapton HN Kapton HN Kapton HN
2 -Thickness (mil) 5 5 5 5
3 Date 22-Jun 20-Jun 5-Jul 25-Jun
4 Standard Standard
5 NGDSM NGDSM NGDSM NGDSM
6 -time (min) 1 3 5
7 -pressure (mT) 16.0 11.5 14.0
8 -voltage (V) 50.0 100.8 100.1
9 SCNSM
1 0 -time (min)
1 1 -deposition rate(A/s)
1 2 Surface Appearance Shiny Shiny Shiny
1 3 Surface Continuity opaque <1% <1%
1 4 Tape Test - % of Failure
1 5 -Initial after 0 min 0 0 0 0
1 6 -Boiling VVater Test after 30 min 1% 7% 0 0
1 7 afterl.O hour 70% 9% <1% <1%
1 8 after 1.5 hours 95% 11% <1% <1%
1 9 after 2.0 hours 99% 20% <1% <1%
20 -Steam Test after 30 min 0 2% <1% <1%
2 1 after 1.0 hour 25% 3% <1% <1%
2 2 after 1.5 hours 45% 12% <1% <1%
2 3 after 2.0 hours 60% 28% <1% <1%
Table 6.
A B | C M N P
1 Substrate -Type i Upilex R Upilex R Upilex R
2 -Thickness (mil) 5 5 5
3 Date i 26-Jun 25-Jun 29-Jun
4 Standard i Standard
5 NGDSM NGDSM NGDSM
6 -time (mjn) 2 5
7 -pressure i (mT) 12.0 10.7
8 -voltage (V) 100.0 100.4
9 SCNSM i
1 0 -time (min)
1 1 -deposition rate(A/s)
1 2 Surface Appearance i Shiny Shiny Shiny
1 3 Surface Continuity i opaque <1% opaque
1 4 Tape Test - % of Failure
1 5 -Initial after 0 min 96% 0 0
1 6 -Boiling Water Test after 30 min 100% 0 <1%
1 7 afterl.O hour 100% 0 <1%
1 8 after 1.5 hours - <1% 0
1 9 after 2.0 hours - <1% 0
2 0 -Steam Test after 30 min 1 00% <1% <1%
2 1 after 1.0 hour 1 00% <1% <1%
22 after 1.5 hours - <1% <1%
23 after 2.0 hours - 10% <1%
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Table 7.
A B | C V W Y
1 Substrate -Type Upilex S Upilex S^ Upilex S
2 -Thicknes^ (mil) 5 5 5
3 Date 26-Jun 25-Jun 29-Jun
4 Standard Standard
5 NGDSM NGDSM NGDSM
6 -time (rrin) 2 5
7 -pressure (mT) 11.0 11.4
8 -voltage (V) 100.4 100.1
9 SCNSM
1 0 -time (m in)
1 1 -deposition rate(A/s)
1 2 Surface Appearance Shiny Shiny Shiny
1 3 Surface Continuity opaque opaque <1%
1 4 Tape Test - % of Failu e
1 5 -Initial after 0 min 0 0 0
1 6 -Boiling Water Test after 30 min 10% <1% 0
1 7 afterl.O hour <1% <1% <1%
1 8 after 1 .5 hours <1% <1% 0
1 9 after 2.0 hours 55% <1% <1%
20 -Steam Test after 30 min 12% <1% 0
2 1 after 1.0 hour 15% <1% <1%
2 2 after 1.5 hours 5% <1% 3%
23 after 2.0 hours 20% 10% 0
Table 8.
A B | C AE AF
1 Substrate -Type Upilex R Upilex R
2 -Thickness (mil) 1 1
3 Date 6-Jul 3-Jul
4 Standard Standard
5 NGDSM NGDSM
6 -time (min) 5
7 -pressure (mT) 10.7
8 -voltage (V) 100.8
9 SCNSM
1 0 -time (min)
1 1 -deposition rate(A/s)
1 2 Surface Appearance Shiny Shiny
1 3 Surface Continuity <1% <1%
1 4 Tape Test - % of Failure
1 5 -Initial after 0 min <1% 0
1 6 -Bolllnq Water Test after 30 min
4% 0
1 7 afterl.O hour 30% 0
1 8 after 1.5 hours 60% 0
1 9 after 2.0 hours 97% 0
2 0 Steam Test after 30 min 35% 0
21 after 1.0 hour 95% <1%
22 after 1.5 hours 99% <1%
23 after 2.0 hours 98% <1%
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Table 9.
A B | C AJ AK AL
1 Substrate -Type Upilex S Upilex S Upilex S
*
2 -Thickness (mil) 1 1
3 Date 27-Jun
"""
21-Jun 2-Jul
4 Standard Standard
5 NGDSM NGDSM NGDSM
6 -time (min) 2 5
7 -pressure (mT) 12.5 8.8
8 -voltage (V) 100.5 100.7
9 SCNSM
1 0 -time (min)
1 1 -deposition rate(A/s)
1 2 Surface Appearance Shiny Shiny Shiny
1 3 Surface Continuity opaque opaque opaque
1 4 Tape Test - % of Failure
1 5 -Initial after 0 min 0 0 0
1 6 -Boiling Water Test after 30 min 3% 0 0
1 7 afterl.O hour 90% 0 0
1 8 after 1.5 hours 97% 0 <1%
1 9 after 2.0 hours 1 00% 0 <1%
2 0 -Steam Test after 30 min 20% 0 0
2 1 after 1.0 hour 99% 4% 0
22 after 1.5 hours 100% 75% <1%
23 after 2.0 hours 100% 75% <1%
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The adhesion data for the standard surface ofUpilex R 5 mil is shown in column M
ofTable 6. Initially, almost all of the copper (96%) was removed. For exposure time
to the boiling water or steam exceeding 30 minutes, the film could be peeled off very
easily (100%).
The adhesion data for the standard surface ofUpilex S 5 mil is shown in column V
of Table 7. Initially, none of the copper was stripped off. After 30 minutes exposure
time to boiling water, 10% of the copper film was removed; after two hours, 55% was
peeled off. The data for steam exposure show a similar degradation in adhesion; after
two hours, 20% of the copper could be removed.
The adhesion data for the standard surface of Upilex R 1 mil is shown in column
AE of Table 8. Initially before boiling, only a few pin holes (less than 1%) of copper
were removed. After 30 minutes exposure time to boiling water, 4% of the copper
film was removed; after two hours, 97% was peeled off. The data for steam exposure
show a similar degradation in adhesion; after two hours, 98% of the copper could be
removed.
The adhesion data for the standard surface ofUpilex S 1 mil is shown in column AJ
of Table 9. At the beginning, none of the copper was removed. After 30 minutes
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exposure time to boiling water, 3% of the copper film was removed; after two hours,
100% was peeled off. The data for steam exposure show a similar degradation in
adhesion. After two hours, 100% of the copper could be stripped off.
4.3. Substrate Surface Modified by NGDSM (Variable Exposure Time
at a Roughly Fixed Low Pressure)
If we treat the substrate by a nitrogen glow discharge surface modification
(NGDSM), the experimental data show that the film adhesion improves significantly
over the adhesion result of the standard sample. The adhesion improved with the
treatment time of the polyimide substrate. Results are included in Tables 5 to 9.
The adhesion data for the Kapton HN 5 mil substrate surface which was treated by
NGDSM is shown in columns E, F, and H of Table 5. When we pretreated the
substrate at a lower voltage (-2500 Volts), a low nitrogen gas pressure, and just for 1
minute (see column E), none of the copper was removed at the beginning. After one
hour exposure time to boiling water, only 9% of the copper film was removed; and
after two hours, only 20% was peeled off. The data for steam exposure show similar
results. After two hours, only 28% of the copper could be stripped off. Compared
with the data in column D for the standard substrate, we can see a significant
improvement for metal - polymer adhesion. When we pretreated the substrate at a
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higher voltage (-5000 Volts) and a longer time (3 or 5 minutes, see columns F and H),
only a few pin holes of copper (less than 1%) were removed after exposure of the
coated substrate to boiling water or steam for two hours.
The same results occurred for Upilex. The adhesion data for the Upilex R 5 mil
substrate surface which treated by NGDSM are shown in column N and P of Table 6.
When we pretreated the substrate by a low nitrogen gas pressure, for 2 minutes, none
of the copper was removed initially. After one hour exposure time to boiling water,
none of the copper film was removed; and after two hours, only less than 1 % was
peeled off. The data for steam exposure show a similar situation in adhesion. After
two hours, only 10% of the copper could be stripped off. Compared with the data in
column M for standard substrate, we can see a significant improvement. When we
pretreated the substrate for 5 minutes (see column P), even after exposure in boiling
water or steam for two hours, only a few pin holes of copper (less than 1%) were
removed.
The adhesion data for the Upilex S 5 mil substrate surface which was treated by
NGDSM is shown in column W and Y of Table 7. For a substrate treated at a low
nitrogen gas pressure, for 2 minutes, none of the copper was removed initially (see
columnW). After one or two hours exposure time to boiling water, less than 1% of
the copper film was removed. Results are similar for steam exposure. After two
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hours, only 10% of the copper was stripped off. Compared with the data in column V
for standard substrate, we see a dramatic improvement. When we pretreated the
substrate for 5 minutes, even after exposure in boiling water or steam for two hours,
only a small area of copper (less than 3%) was removed (see column Y).
The adhesion data for the Upilex R 1 mil substrate surface treated by NGDSM is
shown in column AF of Table 8. For pretreatment of the substrate at a low nitrogen
gas pressure for 5 minutes, none of the copper was removed initially. After one or
two hours exposure time to boiling water, none of the copper film was removed. The
data for steam exposure show a similar situation. After two hours, less than 1% of the
copper could be stripped off. Compared with the data in column AE for the standard
substrate, we see a big improvement.
The adhesion data for the Upilex S 1 mil substrate surface which treated by
NGDSM is shown in column AK and AL of Table 9. When we pretreated the
substrate at a low nitrogen gas pressure for 2 minutes (see column AK), none of the
copper was removed initially. After one or two hours exposure time to boiling water,
none of the copper film was removed. The data for steam exposure are as follows.
After two hours, 75% of the copper could be stripped off. This is a dramatic
improvement, compared with the data in column AJ for the standard substrate. When
we pretreated the substrate for 5 minutes, even after exposure in boiling water or
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steam for two hours does not affect adhesion, only a few pin holes (less than 1%)
were removed (see column AL).
4.4. Substrate Surface Modified by NGDSM (Variable Pressure at Fixed
Exposure Time)
The pressure of the N2 glow discharge surface modification is also very important,
with lower pressure (= 10 mTorr) leading to better film adhesion than higher
pressure (= 26 mTorr). At room temperature, the mean free path for a nitrogen
molecule at 10 mTorr is about 0.48 cm, and at 26 mTorr it is about 0.19 cm. (Berry,
Hall, and Harris, 1968, p. 21.) The average distance from the aluminum electrode to
substrate is 15.1 cm (13.2 cm to the top, and 17.0 cm to the bottom ). For such a
distance, there will be about 31 ion collisions at 10 mTorr, and about 79 collisions at
26 mTorr. At the high pressure of 26 mTorr, there will be so many collisions that
ionsmay reach the substrate with too low an energy to interact.
Samples of a given substrate were treated for a particular time interval at two
nitrogen gas pressures,
"high"
and "low". When we reduced the nitrogen gas
pressure, we could get better adhesion. This can be seen in Tables 10 to 13. This
lower pressure is = Pstab as described in Section 3.4.2. (HI) and shown in Figure lie.
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Table 10.
A B | C F G H 1
1 Substrate -Type Kapton HN Kapton HN Kapton HN Kapton HN
2 -Thickness (mil) 5 5 5 5
3 Date 5-Jul 16-May 25-Jun 5-Jul
4 Standard
5 NGDSM NGDSM NGDSM NGDSM NGDSM
6 -time (min) 3 3 5 5
7 -pressure (mT) 11.5 26.0 14.0 26.2
8 -voltaqe (V) 100.8 50.3 100.1 100.5
9 SCNSM
1 0 -time (min)
1 1 -deposition rate(A/s)
1 2 Surface Appearance Shiny Shiny Shiny
1 3 Surface Continuity <1% <1% <1%
1 4 Tape Test - % of Failure
1 5 -Initial after 0 min 0 0 0 0
1 6 -Boiling Water Test after 30 min 0 0 0
1 7 afterl.O hour <1% 3% <1% <1%
1 8 after 1.5 hours <1% 12% <1% <1%
1 9 after 2.0 hours <1% 35% <1% <1%
20 -Steam Test after 30 min <1% <1% 0
2 1 after 1.0 hour <1% 10% <1% 0
22 after 1.5 hours <1% 18% <1% <1%
23 after 2.0 hours <1% 40% <1% <1%
Table 11.
A B | C N o P Q
1 Substrate -Type Upilex R Upilex R Upilex R Upilex R
2 -Thickness (mil) 5 5 5 5
3 Date 25-Jun 5-Jul 29-Jun 5-Jul
4 Standard
5 NGDSM NGDSM NGDSM NGDSM NGDSM
6 -time (min) 2 2 5 5
7 -pressure (mT) 12.0 27.1 10.7 28.6
8 -voltaqe (V) 100.0 100.1 100.4 100.4
9 SCNSM
1 0 -time (min)
1 1 -deposition rate(A/s)
1 2 Surface Appearance Shiny Shiny Shiny Shiny
1 3 Surface Continuity <1% <1% opaque <1%
1 4 Tape Test - % of Failure
1 5 -Initial after 0 min 0 <1% 0 0
1 6 -Boiling Water Test after 30 min 0 2% <1% 0
1 7 afterl.O hour 0 98% <1% <1%
1 8 after 1.5 hours <1% 98% 0 <1%
1 9 after 2.0 hours <1% 100% 0 15%
20 -Steam Test after 30 min <1% 1% <1% 0
2 1 after 1.0 hour <1% 30% <1% 0
22 after 1.5 hours <1% 85% <1% 40%
23 after 2.0 hours 10% 90% <1% 60%
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Table 12.
A B | C W X Y Z
1 Substrate -Type Upilex S Upilex S Upilex S Upilex S
2 -Thickness (mil) 5 5 5 5
3 Date 25-Jun 5-Jul 29-Jun 5-Jul
4 Standard
5 NGDSM NGDSM NGDSM NGDSM NGDSM
6 -time (min) 2 2 5 5
7 -pressure (mT) 11.0 26.3 11.4 26.8
8 -voltaqe (V) 100.4 100.1 100.1 100.5
9 SCNSM
1 0 -time (min)
1 1 -deposition rate(A/s)
1 2 Surface Appearance Shiny Shiny Shiny Shiny
1 3 Surface Continuity opaque <1% <1% <1%
1 4 Tape Test - % of Failure
1 5 -Initial after 0 min 0 <1% 0 0
1 6 -Boillnq Water Test after 30 min <1% <1% 0 <1%
1 7 afterl.O hour <1% <1% <1% 0
1 8 after 1.5 hours <1% 80% 0 <1%
1 9 after 2.0 hours <1% 85% <1% <1%
2 0 -Steam Test after 30 min <1% <1% 0 <1%
2 1 after 1.0 hour <1% <1% <1% <1%
22 after 1.5 hours <1% 70% 3% <1%
23 after 2.0 hours 10% 90% 0 <1%
Table 13.
A B | C AF AG
1 Substrate -Type Upilex R Upilex R
2 -Thickness (mil) 1 1
3 Date 3-Jul 6-Jul
4 Standard
5 NGDSM NGDSM NGDSM
6 -time (min) 5
,
5
7 -pressure (mT) 10.7 27.0
8 -voltaqe (V) 100.8 100.6
9 SCNSM
1 0 -time (mini
1 1 -deposition rate(A/s)
1 2 Surface Appearance Shiny Shiny
1 3 Surface Continuity <1% <1%
1 4 Tape Test - % of Failure
1 5 -Initial after 0 min 0 <1%
1 6 -Boillnq Water Test after 30 min 0 2%
1 7 afterl.O hour 0 0%
1 8 after 1.5 hours 0 98%
1 9 after 2.0 hours 0 99%
20 -Steam Test after 30 min 0 <1%
2 1 after 1.0 hour <1% 2%
2.2 after 1.5 hours <1% 80%
23 after 2.0 hours <1% 60%
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The adhesion data for Kapton HN 5 mil substrates treated by NGDSM for 3
minutes are shown in Table 10. Pretreating the substrate at a high pressure of 26.0
mTorr provided good initial adhesion, with 0% removal (see column G). After one
hour in boiling water, 3% of the copper film was removed; and after two hours, 35%
was removed. The data for steam exposure show similar results. After two hours,
only 40% of the copper could be removed. Adhesion was even better when we
pretreated the substrate at a low gas pressure of 1 1.5 mTorr (see column F). None of
the copper was removed at the beginning. Even after two hours in boiling water, less
than 1% of the copper film was removed. Similarly, after steam exposure of two
hours, less than 1% of the copper could be stripped off.
The adhesion data for Upilex R 5 mil substrates treated by NGDSM for 2 minutes
are shown in Table 11. Substrates pretreated at a high gas pressure of 27.1 mTorr had
good adhesion with less than 1% of the copper removed (see column O). After one
hour in boiling water, 98% of the copper film was removed; and after two hours, all
of the film was peeled off easily. Substrates exposed to steam show similar results.
After one hour, 30% of the copper film was removed; and after two hours, 90% of
the film was peeled off. But substrates pretreated at a low gas pressure of 12.0
mTorr had even better adhesion (see column N). None of the copper was removed
initially. After two hours in boiling water, less than 1% of the copper film was
removed. Similar results are seen for steam exposure. After two hours of exposure,
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only 10% of the copper could be stripped off. We see the same result at both high and
low gas pressure at 5 minutes exposure time (column Q and P, respectively); a lower
gas pressure improves adhesion.
The adhesion data for the Upilex S 5 mil substrates treated by NGDSM for 2
minutes are shown in Table 12. Substrates pretreated at a high gas pressure of 26.3
mTorr had good adhesion with less than 1% of the copper removed (see column X).
After one and a half hours in boiling water, 80% of the copper film was removed;
and after two hours, 85% was peeled off. Substrates exposed to steam show similar
results. After two hours, 90% of the copper film was removed. But substrates
pretreated at a low gas pressure of 11.0 mTorr had better adhesion (see column W).
None of the copper was removed at the beginning. After one and a half hours in
boiling water, less than 1% of the copper film was removed; and the same result
happened for two hours. Similar results are seen for steam exposure. After two
hours of exposure, only 10% of the copper could be stripped off.
The adhesion data for the Upilex R 1 mil substrates treated by NGDSM for 5
minutes are shown in Table 13. Substrate pretreated at a high gas pressure of 27.0
mTorr had good adhesion with less than 1% of the copper removed (see column AG).
After one and a half hours in boiling water, 98% of the copper film was removed;
and after two hours, 99% was peeled off. Substrates exposed to steam show similar
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results. After two hours, 60% of the copper could be stripped off. But substrates
pretreated at a low gas pressure of 10.7 mTorr had better adhesion (see column AF).
None of the copper was removed at the beginning. After two hours in boiling water,
still none of the copper film was removed. Similar results are seen for steam
exposure. After two hours of exposure, only a few pin holes (less than 1%) of the
copper could be stripped off.
4.5. Comparison of Time and Pressure Effects of NGDSM on the
Substrate Surface
For nitrogen gas glow discharge surface modification, time of exposure is more
important than pressure. For sufficiently long time, the film will still have good
adhesion, even at a high pressure. For example, we can see the following from the
data in Tables 10 and 12.
In Table 10, when we pretreated the Kapton HN 5 mil substrate for 5 minutes even
by a high pressure of 26.2 mTorr (see column I), we still obtain good adhesion. Less
than 1% of the copper can be removed for either exposure to boiling water or steam
for two hours; the result is similar for the Upilex S 5 mil (column Z of Table 12).
63
4.6. The Need for Nitrogen Glow Discharge Surface Modification
We believe that NGDSM pretreatment will significantly improve adhesion even
after substrate storage in an oven. The effects of substrate surface moisture on
adhesion are discussed in section 4.1. and in Table 4. These results can be compared
with the data in Tables 5 to 9 for NGDSM pretreatment (for which the substrate was
stored in a desiccator). After 5 minutes of NGDSM pretreatment, the data showed
that even after two hours exposure to boiling water or steam, only a tiny amount of
copper (less than 1%) could be removed. However, the data in Table 4 for those
samples (without NGDSM pretreatment) stored in the 150C oven, in the desiccator,
in air, and in water for 24 hours, after an one hour exposure to boiling water or
steam, most of the film (except forUpilex S) could be removed after brief exposure to
boiling or steam.
4.7. Substrate Surface Modified by SCNSM
Sputtering a thin layer of copper nitride (about 100A thick) prior to sputtering
copper (SCNSM) appeared to improve adhesion. For example, we can see the
following from the data in Tables 14 to 19.
The adhesion data for Kapton HN 5 mil substrate treated by SCNSM is shown in
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Table 14.
A B | C D J I I
1 Substrate -Type Kapton HN Kapton HN Kapton HN
2 -Thickness (mil) 5 5 5
3 Date 22-Jun 26-Jun 5-Jul
4 Standard Standard
5 NGDSM NGDSM
6 -time (min) 5
7 -pressure (mT) 26.2
8 -voltaqe (V) 100.5
9 SCNSM SCNSM
1 0 -time (min) 2
1 1 -deposition rate(A/s) 1.0
1 2 Surface Appearance Shiny Shiny Shiny
1 3 Surface Continuity opaque <1% <1%
1 4 Tape Test - % of Failure
1 5 -Initial after 0 min 0 0 0
1 6 -Boillnq Water Test after 30 min 1% <1% 0
1 7 afterl.O hour 70% <1% <1%
1 8 after 1.5 hours 95% 10% <1%
1 9 after 2.0 hours 99% <1% <1%
20 -Steam Test after 30 min 0 <1% 0
2 1 after 1.0 hour 25% 35% 0
22 after 1.5 hours 45% <1% <1%
23 after 2.0 hours 60% 85% <1%
Table 15.
A B | C M R s P
1 Substrate -Type Upilex R Upilex R Upilex R Upilex R
2 -Thickness (mil) 5 5 5 5
3 Date 26-Jun 3-Jul 6-Jul 29-Jun
4 Standard Standard
5 NGDSM NGDSM
6 -time (min) 5
7 -pressure (mT) 10.7
8 -voltaqe (V) 100.4
9 SCNSM SCNSM SCNSM
1 0 -time (min) 2 2
1 1 -deposition rate(A/s) 1.0 1.0
1 2 Surface Appearance Shiny Shiny Shiny Shiny
1 3 Surface Continuity opaque opaque <1% opaque
1 4 Tape Test - % of Failure
1 5 -Initial after 0 min 96% 0 0 0
1 6 Boillnq Water Test after 30 min 100% 0 0 <1%
1 7 afterl.O hour 100% 0 0 <1%
1 8 after 1.5 hours .:. 0 <1% 0
1 9 after 2.0 hours <1% 0 0
20 -Steam Test after 30 min 100% 0 0 <1%
2 1 after 1.0 hour 100% 0 0 <1%
22 after 1.5 hours - 0 0 <1%
23 after 2.0 hours 0 2% <1%
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Table 16.
A B | C V AA AB Y
1 Substrate -Type Upilex S Upilex S Upilex S Upilex S
2 -Thickness (mil) 5 5 5 5
3 Date 26-Jun 3-Jul 6-Jul 29-Jun
4 Standard Standard
5 NGDSM NGDSM
6 -time (min) 5
7 -pressure (mT) 11.4
8 -voltaqe (V) 100.1
9 SCNSM SCNSM SCNSM
1 0 -time (min) 2 2
1 1 -deposition rate(A/s) 1.0 1.0
1 2 Surface Appearance Shiny Shiny Shiny Shiny
1 3 Surface Continuity opaque opaque opaque <1%
1 4 Tape Test - % of Failure
1 5 -Initial after 0 min 0 0 0 0
1 6 -Boiling Water Test after 30 min 10% 0 0 0
1 7 afterl.O hour <1% 0 <1% <1%
1 8 after 1.5 hours <1% 0 <1% 0
1 9 after 2.0 hours 55% <1% <1% <1%
20 -Steam Test after 30 min 12% 0 <1% 0
2 1 after 1.0 hour 15% 0 0 <1%
22 after 1.5 hours 5% 0 0 3%
23 after 2.0 hours 20% 0 <1% 0
Table 17.
A B C AE AH AF
1 Substrate -Type Upilex R Upilex R Upilex R
2 -Thickness (mil) 1 1 1
3 Date 6-Jul 6-Jul 3-Jul
4 Standard Standard
5 NGDSM NGDSM
6 -time (min) 5
7 -pressure (mT) 10.7
8 -voltaqe (V) 100.8
9 SCNSM SCNSM
1 0 -time (min) 2
1 1 -deposition rate(A/s) 1.0
1 2 Surface Appearance Shiny Shiny Shiny
1 3 Surface Continuity <1% <1% <1%
1 4 Tape Test - % of Failure
1 5 -Initial after 0 min <1% <1% 0
1 6 -Boiling Water Test after 30 min 4% <1% 0
1 7 afterl.O hour 30% 2% 0
1 8 after 1.5 hours 60% 7% 0
1 9 after 2.0 hours 97% 2% 0
20 -Steam Test after 30 min 35% <1% 0
2 1 after 1.0 hour 95% <1% <1%
22 after 1.5 hours 99% <1% <1%
23 after 2.0 hours 98% <1% <1%
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Table 18.
A B | C AJ AM AL
1 Substrate -Type Upilex S Upilex S Upilex S
2 -Thickness (mil) 1 1 1
3 Date 27-Jun 26-Jun 2-Jul
4 Standard Standard
5 NGDSM NGDSM
6 -time (min) 5
7 -pressure (mT) 8.8
8 -voltaqe (V) 100.7
9 SCNSM SCNSM
1 0 -time (min) 2
1 1 -deposition rate(A/s) 1.0
1 2 Surface Appearance Shiny Shiny Shiny
1 3 Surface Continuity opaque opaque opaque
1 4 Tape Test - % of Failure
1 5 -Initial after 0 min 0 0.0 0
1 6 -Boiling Water Test after 30 min 3% <1% 0
1 7 afterl.O hour 90% <1% 0
1 8 after 1.5 hours 97% <1% <1%
1 9 after 2.0 hours 1 00% <1% <1%
2 0 -Steam Test after 30 min 20% <1% 0
2 1 after 1.0 hour 99% <1% 0
2 2 after 1.5 hours 100% <1% <1%
2 3 after 2.0 hours 100% 2% <1%
Table 19.
A B C AP AS AR
1 Substrate -Type Upilex S Upilex S Upilex S
2 -Thickness (mil) 2 2 2
3 Date 27-Jun 26-Jun 21-Jun
4 Standard Standard
5 NGDSM NGDSM
6 -time (min) 2
7 -pressure (mT) 15.3
8 -voltaqe (V) 100.6
9 SCNSM SCNSM
1 0 -time (min) 2
1 1 -deposition rate(A/s) 1.0
1 2 Surface Appearance Shiny Shiny Shiny
1 3 Surface Continuity opaque opaque opaque
1 4 Tape Test - % of Failure
1 5 -Initial after 0 min 0 0 0
1 6 -Boiling Water Test after 30 min 0 <1% <1%
1 7 afterl.O hour 50% <1% 0
1 8 after 1.5 hours 96% <1% 20%
1 9 after 2.0 hours 1 00% <1% <1%
20 -Steam Test after 30 min 70% <1% 3%
2 1 after 1.0 hour 15% <1% <1%
2 2 after 1.5 hours 100% <1% 2%
23 after 2.0 hours 100% <1% 7%
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column J ofTable 14. After one and a half hours exposure time to boiling water, 10%
of the copper film was removed. This is much improved over the copper film on the
standard substrate surface for which 95% was removed after one and a half hours of
boiling (see column D).
For Upilex R 5 mil substrates treated by SCNSM (columns R and S of Table 15),
2% of the copper film was removed after two hours exposure time to boiling water or
steam. This is much better than the standard deposition where 100% of the copper
could be stripped off (see column M).
For Upilex S 5 mil substrates treated by SCNSM (columns AA and AB of Table
16), less than 1% of the copper film was removed after two hours exposure time to
boiling water or steam. This is much improved over the copper film on the standard
substrate surface for which 55% was removed after one and a half hours of boiling
(see column V).
For the Upilex R 1 mil substrates treated by SCNSM (column AH of Table 17),
7% of the copper film was removed after one and a half hours exposure time to
boiling water. This is much better than the standard deposition where 40% of the
copper could be stripped off (see column AE).
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The adhesion data for the Upilex S 1 mil substrates surface which were treated by
SCNSM is shown in the columns AM of Table 18. After two hours exposure time to
boiling water or steam, 2% of the copper film was removed. This is much improved
over the copper film on the standard substrate surface for which 100% was removed
after one and a half hours of boiling (see column AJ).
The adhesion data for the Upilex S 2 mil substrates surface which were treated by
SCNSM is shown in the columns AS of Table 19. After two hours exposure time to
boiling water or steam, less than 1% of the copper film was removed. This is much
better than the standard deposition where 100% of the copper could be stripped off
(see column AP).
4.8. Comparison of the NGDSM and SCNSM
ForKaptonHN, the adhesion of a film to a substrate which was treated by NGDSM
seems somewhat better than for the substrate treated by SCNSM. If the substrate was
treated by SCNSM, after two hours exposure time to the steam, 85% of the copper
film was removed (see column J in Table 14). This should be compared with the data
in column I for treatment by NGDSM where less than 1% of copper was peeled off.
For Upilex R or S (see columns S and P ofTables 15, columns AB and Y of Table
69
16, columns AH and AF of Table 17, columns AM and AL of Table 18, and columns
AS and AR Table 19), it is hard for us to judge which one is better between the
NGDSM and SCNSM.
In addition, the film which was treated by SCNSM for two minutes, began to
become seriously discolored and oxidized on its surface (for both Kapton and Upilex)
when it was exposed to the boiling water and steam after half an hour long, compared
with the film which was just treated by an NGDSM.
4.9. Comparison of Kapton and Upilex Data
For the adhesion of the film on the various modified substrate surfaces, there are
not any significant differences between the results for Kapton HN, Upilex R, and
Upilex S. For instance forNGDSM data, we see that less than about 1% of the copper
film could be removed from the surfaces regardless of whether the substrate is
Kapton HN, Upilex R, or Upilex S (see column H of Table 5, column P of Table 6,
column Y ofTable 7, column AF ofTable 8, and column AL ofTable 9).
We also compare the standard film adhesion results of Tables 5 to 7 with other
results in Table 4, for the same substrate thickness 5 mil. We can see that the Upilex S
has the best film adhesion, then is Kapton H and Kapton HN; and the last one is Upilex
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R. The adhesion data for these three types of substrate are as follows;
Initial One hour exposure to Temperature Coefficient
boiling water or steam of Expansion
( xl0"5m/m/C)
Upilex S <1% 10 to 15% 0.8
KaptonH or HN <1% 45 to 70% 2.0
Upilex R 5 to 90% 100% 1.5
This result could be explained by the temperature coefficient of expansion in Table
2 (shown as above). Upilex S has the lowest coefficient, 0.8 x l(r5 m/m/C; Upilex R
has 1.5 x 10"5 m/m/C; and Kapton H and Kapton HN have 2.0 x 10'5 m/m/C. But,
Kapton H and Kapton HN presumably have better adhesion than Upilex R for the
reason that they have different chemical structure which would make the polymer
surface have different stress and different polarity for adhesion to adsorb the copper
atoms.
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5. Summary and Conclusion
A simple "Highly Accelerated Stress Testing
(HAST)"
method has been used to
make comparison between "adhesive improvements" due to various surface
modification techniques. The method relies on the use of extreme environmental
conditions (high humidity and high temperature) to stress the interface of a substrate
and its thin film coating. The use of a simple tape test can then differentiate between
the adhesive effects of various surface modification procedures. Using this method, a
large variety of adhesion promotion techniques can be tested and ranked.
In our results, we found that for
"standard"
copper film on polyimide substrate
(Kapton and Upilex), the adhesion of the film to the substrate after half an hour, under
high temperature and high humidity conditions was relatively poor. But, after
nitrogen glow discharge surface modification (NGDSM) or sputtered copper nitride
surface modification (SCNSM), we see a significant improvement in the adhesion
when all other conditions are the same. After conditions of high temperature and high
humidity for two hours, the adhesion tape test took only a few pin holes of copper
away. Therefore, our results show that a nitrogen glow discharge surface
modification can improve adhesion. We also found that the longer the time and the
lower the nitrogen gas pressure, the better the film adhesion. Furthermore, the
discussion in Section 4.3. and Figures 11a to lid suggests that adhesion further
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improves by increasing the discharge voltage from 2500 volts to 5000 volts.
The "solid - solid adhesion is thought to result from a combination of such effects
as interfacial tensions, mechanical interlocking, adsorption, Van der Waals and
chemical bonding interactions, interdiffusion, mutual solubility, weak boundary
layer, etc." (Sayka and Eberhart, 1989) We used contact angle studies to improve our
understanding of our adhesion measurements. After a substrate was briefly treated by
a two-minute nitrogen glow discharge surface modification, the contact angle on the
substrate surface decreased sharply. We believe that the surface polarity was strongly
increased. We think that chemical bonding interactions and Van der Waals forces
may have improved the copper - polyimide adhesion mechanism after the substrates
were pretreated by the nitrogen gas glow discharge. Contact angle measurements
agree with the data showing that NGDSM improves adhesion. After the substrate was
briefly treated (two minutes) by a nitrogen glow discharge, the contact angle on the
substrate surface decreased sharply. The surface polarity has been strongly increased.
After about 20 minutes of glow discharge pretreatment, the contact angle almost
reaches its minimum value, which may have some connection with thin film adhesion.
While the adhesive improvement of the nitrogen glow discharge and the sputtered
copper nitride surface modifications are similar, the former treatment may be the
preferable one. A copper film, deposited on a substrate treated by SCNSM, becomes
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seriously oxidized and discolored when it is soaked in boiling water or exposed to
steam for half an hour; similar extensive oxidation was not observed for a film
deposited on a substrate treated by NGDSM.
We found that for a standard film (without any plasma pretreatment), Upilex S has
the best adhesion. This might relate to the fact that Upilex S has the lowest
temperature coefficient of expansion. Also, we found that although Upilex has a
lower water absorption coefficient than Kapton, once the moisture gets into the
Upilex, the moisture will be harder to remove. We think that both "water
absorption"
and "water adsorption"are properties of a material which may
significantly influence adhesion.
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6. Future Directions
A chemically reactive method using a nitrogen glow discharge was used to modify
the substrate surface. For purposes of comparison, other active gas types such as
oxygen, or NH3, might be tried in the future.
It is very important to understand the chemical interfacial bonding between the
copper film and the polyimide substrate surface. All of the adhesion data should be
compared with an AC argon gas glow discharge used in the same way as the nitrogen
discharge. Since argon is inert, if it improves adhesion, then the interfacial adhesion
improvement by NGDSM pretreatment might be coming from non-chemical sources
of interfacial forces. A surface roughing effect as well as a chemical effect may be
improving the bonding between the copper film and the substrate.
An important thing which needs to be mentioned is that after the nitrogen glow
discharge pretreatment, the substrate surface should be examined by ATR-IR
(Attenuated Totally Reflectance - Infrared Spectroscopy) to understand how the
surface structure has been chemically changed and by XPS (X-ray Photoelectron
Spectroscopy) to see if there are any kinds of metal composites (such as copper
nitride, aluminum nitride, copper aluminum nitride, ion nitride, ...., etc.) on the
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substrate surface. These metal composites may be produced when the glow discharge
is turned on. Since we did not ground the copper target (it was floating at a negative
voltage) of the magnetron, some copper atoms might have been sputtered by high
energy nitrogen ions. We believe that the copper nitride from SCNSM pretreatment
can improve the copper-polyimide adhesion. Aluminum nitrides may also improve
adhesion; although aluminum is harder to sputter than copper, it might also be
sputtered from the aluminum electrode rod by high energy ions during the AC glow
discharge. Therefore, we think that it is important to know exactly what materials
(such as nitride compounds) sit on the substrate surface after the discharge.
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Appendices.
Al. Contact Angle Studies
Al.l. Relationship Between Contact Angle and Adhesion
It is important to understand how the nitrogen gas discharge surface modification
(NGDSM) affects the polyimide surface and how it can improve the metal - polyimide
interfacial adhesion. Some understanding can be obtained by observing the change in
contact angle on the substrate surface after it has been treated with the NGDSM.
The contact angle measurements, 9, before and after the NGDSM treatments, are
shown in Figure 12. The contact angle made by a liquid drop resting on a solid
surface is a measure of the "wettability" of that surface. (Sayka, and Eberhart, 1989)
The contact angle is related to adhesion as emphasized in the following quote. ( Sayka,
and Eberhart, 1989)
The contact angle of a liquid on a solid can be related to the adhesion
between the two phases. However, if the advancing contact angle
of a particular liquid is measured on a variety of solid surfaces, the
results do provide an indication of the tendency of that solid surface to
bond effectively with other materials which mav subsequently be
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deposited on that surface.
A1.2. Measurement of Contact Angle on Substrate Surface
We did some contact angle research on different substrates with different tests.
The contact angle was measured by a goniometer consisting of an optical microscope
with two independently rotatable crosshairs inside the eyepiece. The angle was
measured by setting one crosshair parallel to the base line of the drop and setting the
other crosshair tangent to the drop surface at the point that the drop makes contact
with the solid surface. A 10 ml syringe was used to place drops of filter water on the
surface of the substrate. A single contact angle measurement was made from the
average contact angle for 7 to 9 drops ofwater on each substrate. The studies which
we made are described as follows.
Al.2.1. Effect of Substrate Cleaning Procedure on Contact Angle.
According to Du Pont (Du Pont, E-72082), MEK can be used for polyimide
surface cleaning to remove grease and dust contaminations. We measured the contact
angle for different soak times in MEK. After drying, the substrate was placed in high
vacuum (at 1.2 x 10"5 Torr for 15 min) to simulate the normal experimental
conditions inside the vacuum chamber. The contact angle data for different substrates
are shown in Table 20. For all three types of polymer substrate, after a three-minute
MEK soaking procedure, the contact angle comes to a roughly stable value. It doesn't
change much by increasing the soak time. To insure best wettability, we used a
five-minute MEK soak in an ultrasonic bath as our
"standard"
cleaning procedure.
We can see a significant reduction in contact angle after soaking in MEK. For Kapton
HN, the angle changes from 61.0 to 54.9 degrees; for Upilex R, the angle changes
from 64.1 to 56.3 degrees; and for Upilex S, the angle changes from 54.6 to 50.6
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degrees.
Al.2.2. The NGDSM Effect on Contact Angle.
We measured the contact angle after the substrate was treated by NGDSM
treatment for different treatment times. The results are shown in Table 21, and
Figures 13 to 15. We measured the angle immediately after the MEK cleaning
procedure; this angle is the"standard" or "starting" point denoted in the figures. After
the substrates were treated by only two minutes NGDSM at about 4750 volts and at a
gas pressure of 10.5 mTorr, the contact angle decreased sharply. These results can be
explained by the argument that the surface polarity has been strongly increased by the
NGDSM since the substrate surface has more wettability to attract the dipole moment
of water molecules. After about 20 minutes of NGDSM, the contact angle almost
reaches its minimum value. At that time, most of the functional groups with which a
nitrogen ion can interact have been polarized. Therefore, we think that the surface
polarity has increased to around its maximum value.
Al.2.3. Effect of Different Cleaning Procedure Solvents on Contact
Angle
For purposes of comparison and future reference, we measured the contact angle
for different types of solvent used to clean a substrate. In addition to MEK, Du Pont
also suggested using toluene to clean the polyimide. (Du Pont, E-72082) These results
are shown in Table 22. Acetone and Methanol can give us a little lower contact angle.
The n-Decane may be hard to remove by evaporation in air or by high vacuum; note
that contact angle is the same for each substrate. For Upilex S, contact angle is even
higher than its value which the uncleaned substrate has. It is not easy to interpret the
differences between these solvents. More study is needed on the effects of the solvents
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on adhesion.
A2. The Moisture Effect on Polymer Surface
The effect ofmoisture on metal - polyimide adhesion is an important topic. This is
emphasized in the following quote. (Senturia, 1987).
In order for a polyimide to be useful as an interlevel dielectric or
protective overcoat (passivant), additional demanding property
requirements must be met. In the case of the passivant, the material must
be an excellent electrical insulator, must adhere well to the substrate, and
must provide a barrier for transport of chemical species that could attack
the underlying device. It has been demonstrated that polyimide films can
be excellent bulk barriers to contaminant ion motion (such as sodium),
but polyimides do absorb moisture, and if the absorbed moisture affects
adhesion to the substrate, then reliability problems can result at sites
where adhesion fails. However, in the absence of adhesion failure, the
bulk electrical resistance of the polyimide at ordinary device operating
temperatures and voltages appears to be high enough to prevent
electrochemical corrosion.
The following sections describe our studies of the moisture effect on metal -
polyimide adhesion and the adsorption water to the polyimide surface.
A2.1. The Free Water Molecule in the Polymer Structure
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To understand how a free watermolecule resides in the polymer structure and how
the molecule interacts with and changes the substrate surface potential is very
important. This is emphasized in the following quote. (Senturia, 1987).
The absorbed water molecule contributes its permanent dipole
moment to the overall molar polarizability of the medium. Quantitative
analysis of moisture absorption in a PMDA-ODA polyimide (Kapton)
based on the Clausius - Mosotti equation has determined that, indeed, the
dipole moment of the absorbed watermolecule is equal to 0.9 times that
of the free watermolecule, suggesting that absorption is into microvoids
created by the release ofwater during the imidization step.
The adsorption of water to polyimide is the result of the attraction force between the
dipole moment of a free watermolecule and the polyimide surface potential. Studies
the strength of this attraction force are discussed in the following section.
A2.2. The Moisture Adsorption Ability on Polymer Surface
In Table 2, we can find the water absorption ability for different types of polymer.
The data is shown as follows:
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Kapton H Kapton HN Upilex R Upilex S
water absorption
%@100%R.H. 2.9 2.8 1.3 1.2
after 24 hour soak
Kapton has a higher water absorption than Upilex. (Our substrate samples were 5 mil
thick; the data shown in Table 2 are for 1 mil thick substrates.)
The FT-IR (Fourier Transform Infrared Spectrophotometer) was used to analyze
the moisture amount on the polymer surface (quantitative analysis). As we know that
the water molecule is formed as the structure H - O - H. It only contains two
hydrogen bonds which will be shown on the IR transmission spectrogram at about
3650 cm -1. When moisture gets into the polymer, the hydrogen bond concentration
will be increased so that the transmission valley at 3650 cm
_1 will become lower. The
higher the moisture inside the polymer structure, the greater the hydrogen bond
concentration and the lower the transmission valley (higher absorption). The same
types of samples and same four storage procedures (after cleaning the substrate by the
standard MEK cleaning procedure) were used, and shown as follows:
(1). storage in 150C oven for 24 hours,
(2). storage in desiccator for 24 hours [actually used for experimental data],
(3). storage in air for 24 hours,
(4). storage in water for 24 hours.
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The Figures 16a to 19a are the IR spectrograms for Kapton H samples just after
removal from the four storage procedures. The samples were put into the high
vacuum chamber at a pressure 1.2 x 10 "5 Torr for one hour long, and then analyzed
by the FT-IR again. The Figures 16b to 19b are the IR spectrograms for Kapton H
samples after the high vacuum procedure. All the hydrogen bond transmission data
for the valley at 3650 cm"1 in these figures are summarized in Table 23.
Corresponding sets of figures and tables for Upilex R and Upilex S are given in
Tables 24 and 25, respectively.
The results for Kapton H samples soaked in water for 24 hours are shown in the
Figure 16a (before high vacuum treatment), and Figure 16b (after high vacuum
treatment). (Refer to summary Table 23.) Before the high vacuum, there was a broad
band (3200 ~ 3700 cm-1) hydrogen bond transmission valley down to zero (100%
absorption). After the high vacuum, the transmission at 3650 cm ~l increased to about
12% (88% absorption). The same qualitative result happened if the samples were
stored in air : the transmission at 3650 cm"1 also increased from 11% (89%
absorption) to 17% (83% absorption) which were shown in Figures 17a and 17b. For
Kapton H, the samples stored in the desiccator did not have significantly more "free
moisture"
than the sample stored in the oven. [For the sample stored in desiccator,
before the high vacuum, the transmission at 3650 cm -1 was 18% (82% absorption);
90
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and after the high vacuum, the transmission at 3650 _1 was 21% (79% absorption).
For the sample baked at 150C in the oven for 24 hours, before and after the high
vacuum procedure, the transmission valleys at 3650 cm -1 were 21% (79% absorption
) which were shown in Figures 19a and 19b.] Comparing the data for the samples
which were stored in water, air, and oven, we can see that high vacuum can easily
remove free watermolecules which have been adsorbed to the Kapton H substrate.
The results for Upilex R samples soaked in water for 24 hours are shown in the
Figure 20a (before high vacuum treatment), and Figure 20b (after high vacuum
treatment). (Refer to summary Table 24.) Before the high vacuum, there was a broad
band (3480 ~ 3650 cm"1) hydrogen bond transmission valley at about 4% (96%
absorption). After the high vacuum, the transmission at 3650 cm _1 increased to about
9% (91% absorption). The same qualitative result happened if the samples were
stored in air; the transmission at 3650 cm-1 also increased from 17% (83%
absorption) to 20% (80% absorption) which were shown in Figures 21a and 21b. For
the sample stored in desiccator, before and after the high vacuum, the transmission at
3650 cm _1 was 30% (70% absorption). And, for the sample which was baked in 150
C oven for 24 hours, before and after the high vacuum procedure, the transmission
valleys at 3650 cm -1 were 43% (57% absorption) and 41% (59% absorption) which
were shown in Figures 23a and 23b. Comparing the data for the samples which were
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stored in water, air, and oven, we can not see a great difference between those
transmission valleys; for a sample prior to and after the vacuum procedure.
Sometimes the change is within the fluctuation of the IR spectrophotometer. The free
watermolecules have been adsorbed to the Upilex R substrate, but only a small part of
the watermolecules could be removed by the high vacuum from the substrate. (We
assume that about 57 ~ 59% absorption corresponds to bound hydrogen; hence 58%
will be our "baseline". Thus the 91% absorption will correspond to 58% for bound
hydrogen and 33% for "free" moisture which still existed in the substrate structure.)
The results for Upilex S samples soaked in water for 24 hours are shown in the
Figure 24a (before high vacuum treatment), and Figure 24b (after high vacuum
treatment). (Refer to summary Table 25.) Before the high vacuum, there was a broad
band (3480 ~ 3650 cm-1) hydrogen bond transmission valley at about 4% (96%
absorption). After the high vacuum, the transmission at 3650 cm _1 increased to about
7% (93% absorption). The same qualitative result happened if the samples were
stored in air; the transmission at 3650 cnr1 also increased from 16% (84%
absorption) to 18% (82% absorption) which were shown in Figures 25a and 25b. For
the sample stored in desiccator, before and after the high vacuum, the transmission at
3650 cm -1 was 27% (73% absorption). And, for the sample which was baked in 150
C oven for 24 hours, before and after the high vacuum procedure, the transmission
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valleys at 3650 cm -1 were 43% (57% absorption) and 44% (56% absorption) which
were shown in Figures 27a and 27b. Comparing the data for the samples which were
stored in water, air, and oven, we can not see a great difference between those
transmission valleys; for a sample prior to and after the vacuum procedure.
Sometimes the change is within the fluctuation of the IR spectrophotometer. The free
watermolecules have been adsorbed to the Upilex S substrate, but only a small part of
the water molecules could be removed by the high vacuum from the substrate. (We
assume that about 56-57% absorption corresponds to bound hydrogen; hence 56%
will be our "baseline". Thus the 93% absorption will correspond to 56% for bound
hydrogen and 37% for "free" moisture which still existed in the substrate structure.)
Therefore, we conclude that "the high vacuum procedure"removes the free
moisture from the Kapton more easily than its removes it from the Upilex. Although
Upilex has lower water absorption (1.2 ~ 1.3%) than Kapton has (2.8 ~ 2.9%), once
the moisture gets into the Upilex, the moisture will be harder to remove. We think
that the lower water absorption ability for Upilex means that the activation energy for
the water molecule to enter the Upilex structure is higher. But, now, there is a
stronger chemical or physical bonding force between a watermolecule and the Upilex
chemical functional group structure. Once the moisture gets into the Upilex
structure, if we want to reverse the reaction (remove the water molecule from the
Upilex functional group), the reverse activation energy also will be higher. Possible
120
activation energy diagrams for Kapton and Upilex are shown in Figure 28.
Free
moisture is more easily removed from Kapton than Upilex.
We know thatmoisture has a strong effect on metal - polymer adhesion.
From the
discussion presented here, both "water
absorption"
and "water are
properties of amaterial which may have significantly influence adhesion.
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